Compact annular-ring embedded circular patch antenna with cross-slot ground plane for circular polarisation X.L. Bao and M.J. Ammann A compact circular patch antenna embedded in a narrow annular-ring which uses an unequal cross-slotted ground plane is presented. This new compact structure provides circular polarisation and is easily matched to 50 O at the low frequency of operation. The size of the proposed antenna is reduced by over 55% compared to the conventional annular-ring CP patch antenna with a strip. The bandwidth and centre-frequency show weak dependence on the position of the feedpoint in the patch and demonstrate wider manufacturing tolerances. Good circularly polarised properties and wide bandwidth are obtained for the proposed compact antenna.
Introduction: Antenna miniaturisation plays a vital role in the design of global positioning systems and modern personal wireless systems. Many techniques have been reported to reduce the patch antenna size, such as a square-ring patch fed by a microstrip line, the use of cross and bent slots embedded in the radiating patch [1] [2] [3] and the use of a slot in the ground plane [4] . The purpose of these methods is to lengthen the excited surface current path, increasing the antenna length and decreasing the resonant frequency.
Recently, an annular-ring patch antenna with strips has been used to obtain circular polarisation characteristics [5, 6] . For a patch embedded in a wide annular-ring, the feedpoint for 50 O input impedance is very easily found. But in the case of a narrow annular-ring patch, which has a lower resonant frequency, a high input impedance is seen. It proves very difficult to obtain a 50 O match.
In this Letter, a circular patch embedded into a narrow annular-ring which employs a cross slot in the ground plane is used to decrease the resonant frequency and obtain a lower frequency of operation. At the same time, respectable bandwidths of impedance and axial-ratio are seen and good radiation patterns are demonstrated. This new annular-ring embedded patch also provides convenient matching to 50 O. Results show that this antenna has a significantly lower resonant frequency than the wide annular-ring patch antenna with a strip. The simulated and measured results of the proposed antennas are shown below.
Antenna design: Fig. 1 shows the geometry of the proposed compact circularly polarised antenna. A circular patch of radius R3 is centred in the narrow annular-ring, of outer radius R1 and inner radius R2. These patches are printed on FR4 substrate, of permittivity e ¼ 4.0 and thickness 1.52 mm. The crossed slot in the ground plane has unequal lateral lengths, L1 and L2, with a slot width w. This structure can excite two degenerate orthogonal modes with equal amplitude and 90 phase difference by tuning various parameters (R2, R3, L1, L2) and righthand circular polarisation (RHCP) radiation is obtained. The optimised dimensions selected are: R1 ¼ 24.8 mm, R2 ¼ 22 mm, R3 ¼ 9.0 mm, L1 ¼ 48 mm, L2 ¼ 50 mm, w ¼ 2 mm, ground plane ¼ 100 Â 100 mm. For better matching of input impedance, a circular slot of radius R4 ¼ 4 mm is located at the centre of the cross slot. This antenna is excited by a 50 O coaxial probe, and the position of the feedpoint along the diagonal line is located in the rectangular co-ordinates (À5, 5 mm), where the origin is at the centre of the circular patch. 
Simulated and measured results:
The annular-ring antenna with a strip is designed as a reference antenna [6] . Fig. 2 illustrates the simulated return loss for a conventional circular patch antenna of radius 24.8 mm and the annular-ring CP patch antenna with a strip (same outer radius) and the measured and simulated return loss for the proposed antenna. For the same outer circle radius, using optimised inner radius R2 ¼ 6.5 mm and the position of the feedpoint close to inner circle, the centre frequency of the reference antenna is 1.655 GHz, but the centre frequency of the proposed antenna is 1.070 GHz. The proposed antenna is reduced in size by over 55% and the impedance bandwidth and centre frequency of the proposed antenna is quite insensitive to the position of the feedpoint along the diagonal. The variation of return loss for different feedpoint locations is shown in Fig. 3 . The measured 10 dB return loss impedance bandwidth is approximately 65 MHz (6.1%) from 1.039 to 1.094 GHz. The simulated and measured axial-ratio (AR) is shown in Fig. 4 . The measured axial-ratio bandwidth, determined for AR < 3 dB, is about 16 MHz (1.6%) from 1.065 to 1.081 GHz. Spinning dipole radiation patterns measured at 1.070 GHz are shown in Fig. 5 . The maximum gain was found to be 2.5 dBi. 
